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(54) Method and system for register allocation using multiple interference graphs 



(57) Allocation of real registers to virtual or symbolic 
registers (100, 101, 102) represented by nodes (12, 14, 
16) in an interference graph (10) is performed with a 
compiler using a primary interference graph and a sec- 
ondary interference graph. The primary interference 
graph contains the standard edges (13, 15) indicating 
latency between virtual registers (100, 101, 102) repre- 
sented by nodes linked by the edges. Secondary links 



(17) between nodes (12, 14) indicate conditional con- 
flicts which can be tolerated but which, rf avoided in the 
register allocation process, improve the execution 
speed of program segments. Hie conditional conflict 
specifically referenced is the requirement for paired reg- 
ister designation in single precision floating point opera- 
tions in which registers are identified as pairs, rather 
than as individual registers. 
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Description 

BACKGROUND OF THE INVENTION 

5 This invention relates to the optimization of register allocation in data processing systems during program compile 
time. More particularly, this invention relates to register allocation optimization using interference graph coloring tech- 
niques. 

Register allocation using interference graph coloring techniques is known and has been widely adopted for use in 
assigning real registers to symbolic or virtual registers when a program is being compiled prior to execution. In general, 

10 the technique proceeds by creating in the data processing system compiler a register interference graph using symbolic 
or virtual registers, with the symbolic registers as individual nodes in the graph. For those nodes in which the contents 
are concurrently live, such nodes are connected by an edge. Once the interference graph is constructed, those nodes 
having a degree less than k, where k is the number of real registers available in the data processing system, are deleted 
from the graph in some logical fashion. Nodes of degree greater than or equal to k are selected for a spilling operation, 

is in which the contents of the real registers (when the program is executed) will be stored elsewhere for later recall. A new 
interference graph is thereafter constructed, and each node is examined in the same fashion. This iterative process 
continues until all nodes have been removed from the interference graph. Thereafter, the nodes are examined in 
reverse order and assigned individual colors (in actuality real register numbers) and the process is thus completed. 
While generally effective in allocating real registers when a program is being compiled, many specific applications 

20 provide conditional constraints which result in less than optimal register allocation as a result of the interference graph 
coloring technique. For example, in some data processing systems employing single precision floating point operations, 
real registers are bound together as pairs, with a resulting inability of the data processing system to distinguish between 
individual registers of a pair. If one of the paired registers is allocated to a first node and the other one of the register 
pair is allocated to a second node with common latency with the first node (i.e., the first and second nodes are linked 

25 with an edge), an interlock condition will exist in which the system must wait several machine cycles for the completion 
of the execution of a given instruction before the next instruction is permitted to proceed. While the delay in execution 
introduced by a float interlock condition is usually not so great as that induced by a spill operation, the execution time 
of that portion of the program still suffers, which is undesirable and less than optimal. 

30 SUMMARY OF THE INVENTION 

The invention comprises an improved interference graph register allocation technique which avoids the execution 
time delay introduced by conditional constraints (such as the single precision floating point register pairing constraint) 
and provides optimal allocation of real registers during compilation of the program into machine executable form. 

35 From a process standpoint, the invention comprises a method of optimizing the allocation of real registers in a data 
processing system CPU which proceeds by creating a primary interference graph having nodes representing variable 
registers and primary edges linking nodes with concurrent latency, the number of edges of a given node being termed 
the degree of the node. A secondary interference graph is then created having nodes representing virtual registers and 
secondary edges linking nodes with conditional conflicts which can be tolerated but which are not optimal, such as a 

40 node requiring the use of one of a pair of paired registers in a single precision floating point operation. Nodes having 
degrees less than the number of available CPU real registers are selected from the primary interference graph until all 
nodes have been so selected. Thereafter, an attempt is made to allocate real registers to the selected nodes in the 
reverse order of their selection by first determining whether a register can be allocated for a selected node using the 
edge constraints of both the primary and secondary interference graphs. If so, allocation of the real register to a given 

45 node is done on the basis of both the primary and secondary interference graphs. If a register cannot be allocated for 
a selected node using the edges of both the primary and secondary interference graphs, the real register is allocated 
on the basis of the primary graph alone. The step of allocating is preferably performed on nodes in the reverse order 
from which the nodes were originally selected: i.e., the first selected node receives the last register allocation. 

From a system standpoint, the invention comprises a data processing system having a CPU with a fixed number of 

so allocatable registers, and a compiler including a first procedure for creating a primary interference graph having nodes 
representing virtual registers and primary edges linking nodes with concurrent latency, the number of edges of a given 
node being the degree of the node, a second procedure for creating a second interference graph having nodes repre- 
senting virtual registers and secondary edges linking nodes with conditional conflicts, a third procedure for selecting 
nodes from the primary interference graph having a degree less than the number of CPU registers until all nodes have 

55 been selected from the primary interference graph, and a fourth procedure for allocating real registers to the selected 
nodes by first determining whether a register can be allocated for a selected node using the edges of both the primary 
and secondary interference graphs and, if so, allocating a real register on that basis; and, if not. allocating a real register 
using the edges of the primary graph alone. The allocating procedure is performed on nodes in the reverse order from 
which the nodes were originally selected. In a specific embodiment of the procedures, the secondary interference graph 
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edges link a virtual register requiring use of a paired register with another virtual register having common latency. 

For a fuller understanding of the nature and advantages of the invention, reference should be made to the ensuing 
detailed description, taken in conjunction with the accompanying drawings. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an interference graph illustrating the invention; 

FIG. 2 is a flow chart illustrating the overall interference graph coloring technique of the invention; 
FIG. 3 is a flow chart illustrating the use of a primary and a secondary interference chart according to the invention; 
10 and 

FIG. 4 is a block diagram of a data processing system incorporating the invention. 
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

is Turning now to the drawings, Fig. 1 is a simplified interference graph illustrating the invention. As seen in this figure, 
the interference graph has three nodes: node 12 representing virtual register 100, node 14 representing virtual register 
101 and node 16 representing virtual register 102. Nodes 12 and 14 are joined by a first primary edge 13 denoting com- 
mon latency between the contents of these two registers. Similarly, nodes 12 and 16 are joined by a primary edge 15 
illustrating common latency between the contents of these two registers. In addition, nodes 12 and 14 are joined by a 

20 secondary edge 1 7 denoting a secondary conflict between the contents of these two nodes. The secondary conflict is 
a conditional conflict: i.e., one which can be tolerated but which, if avoided, will optimize the assignment of real registers 
to the virtual registers at nodes 1 2 and 1 4. For example, in the single precision floating point operation noted above, the 
secondary link 1 7 may denote that the contents of one of the nodes 12, 14 is stored in one of two paired registers which 
cannot be readily distinguished by the system. In such a case, the real register assignment for one of the two nodes 1 2, 

25 14 should be some other register than the remaining register in the pair. 

Interference graph 10 of Fig. 1 is actually constructed during compile time by assigning a pair of vectors to each 
node: one vector representing primary links and the other vector representing the secondary links. Although the inter- 
ference graph of Fig. 1 illustrates only three nodes for simplicity and clarity, it is understood that many nodes typically 
exist in a given interference graph. 

30 Once the graph has been constructed, real register assignments or "coloring" is attempted using both the primary 
and secondary components of the interference graph. Fig. 2 is a flow chart illustrating the overall process. As seen in 
this figure, the register allocation technique of the present invention begins with a step of building the primary interfer- 
ence graph and the secondary interference graph in step 22. Next, a check is made to determine whether there is a 
node in the primary interference graph only having a degree less than the number of machine registers. If not, then a 

35 conventional spill routine 25 is entered, and a new primary and secondary interference graph are constructed in a sec- 
ond pass through step 22. 

If there is a node with a degree less than the number of machine registers, then that node and its edges are marked 
for selection in step 26. Next, the graph is tested in step 28 to determine whether all nodes have been selected and, if 
not, the routine returns to step 24 to select another node and its edges. 

40 Once all of the nodes from the primary interference graph have been selected, real register numbers are assigned 
to the individual selected nodes in step 30, in reverse order from the order of selection of the nodes and using both the 
primary and secondary interference graphs. Lastly, the program is rewritten in step 32 by replacing symbolic registers 
with real machine register numbers, which terminates the register allocation technique. 

Fig. 3 illustrates step 30 of assigning real register numbers in more detail. As seen in this figure, as each selected 

45 node is visited, a test is made in step 42 to determine whether a real register can be allocated for this node in a manner 
which satisfies both the primary and secondary interference graphs. If so, the register number is allocated using both 
the primary and secondary interference graphs in step 44. If not, a register number is allocated using the primary inter- 
ference graph alone in step 46. Thereafter, a test is made to determine whether the last node has been allocated a real 
register. If not, the routine returns to step 42. Once the last node has been allocated a real register, the routine enters 

so the last step 34 of the overall allocation process. 

The register allocation technique described above is implemented in a data processing system such as that illus- 
trated in Fig. 4. As seen in this figure, a program in a high level form (such as source code written in C + or C ++ ) is sup- 
plied from a source 50 to a compiler 52. The compiler 52 conducts the register allocation procedure (and other 
optimization procedures) and produces assembly code which is supplied to a CPU 54 having main memory 56, mass 

55 storage 57 and various I/O devices 58. The CPU contains the real registers which are allocated to the virtual or sym- 
bolic registers as a result of the interference graph coloring technique. As noted above, the secondary interference 
graph is constructed in order to indicate conflicts between nodes which are conditional and which thus may be tolerated 
albeit at the expense of optimal use of the real registers in executing various program segments. Hie following is an 
example of a Sparc assembly language instruction sequence in which the secondary interference graph edges have 
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been used (in combination with the primary interference graph edges) in order to allocate registers in a manner to elim- 
inate the conditional conflict of a floating point interlock. 

**** 

/* 0x0208 51 (80 86) */ fdivs %f7,%f9,%f2 

/* 0x020c 45 {80 82) */ Id [%sp+156} , %10 

/* 0x0210 0 (80 80) */ add %14,%lo( BLNK +1050620) , %12 

************************** ***+**************************7*****7*********+******* 

**** 

/* 0x0214 44 (81 82) */ st %o0, [%sp+100] 

/* 0x0218 0 (81 81) */ add %16,%lo( BLNK +6314000) , %il 

********************************* *****************************"****************** 

* ** + 

/* 0x021c 56 (82 84) V Id [%15],%f0 

/* 0x0220 45 (82 82) */ add %10,l,%o0 

/* 0x0224 0 (82 82) */ sethi %hi< BLNK +7366676) , %11 

* *** 

/* 0x0228 47 (83 85) */ Id [%10-8],%fl0 

/* 0x022c 56 (83 83) */ cmp %o0,l 

/* 0x0230 55 (83 83) */ or %g0,%o0,%16 

******************* ************************************************************* 
**** 

/* 0x0234 45 (84 85) */ st %o0, [%sp+96] 

/* 0x0238 0 (84 84) */ add %ll,%lo( BLNK +7366676) , %14 

********************************************************■*-*****-*- ***************** 
**** 

/* 0x023c 56 (85 87) */ Id [%sp+140] , %f 4 

******************* ************************************************************* 
***** 



In this example, instruction groups which issue in the same machine cycle are separated by the lines constructed 
of asterisks. The first instruction is an instruction termed the fdivs instruction. The pair of numbers (80 86) indicates that 
the instruction will issue in cycle 80 and is expected to complete in cycle 86. Consequently, the fdivs instruction will be 
executing through all of the shown instruction groups (since the last group is issuing in cycle 85). The fdivs instruction 
is an instruction involving potential flow interlock, and since the result of the instruction is to be stored in register f2, opti- 
mal register allocation requires that no instruction use paired register f3 during any of machine cycles 80-86. Otherwise, 
such an instruction would be interlocked from commencing execution until the end of execution of the ftiivs instruction 
(i.e., machine cycle 86). By selecting a real register other than f3 (and f2), the float interlock problem is avoided and the 
set of instructions can proceed with maximum execution speed. 

While the above provides a full and complete disclosure of the preferred embodiments of the invention, various 
modifications, alternate constructions and equivalents may be employed. For example, while the secondary interfer- 
ence graph has been expressly described with reference to the single precision floating point interlock problem involv- 
ing paired registers, other conditional constraints may be employed, as desired, in constructing the secondary 
interference graph. Similarly, the invention is not limited to the use of only a single primary and a single secondary inter- 
ference graph, but may also be extended to tertiary graphs and graphs of other levels as well. Therefore, the above 
should not be construed as limiting the invention, which is defined by the appended claims. 

Claims 

1 . A computer implemented method for use in a compiler for allocating real registers in a CPU to instructions of a tar- 
get computer program which are to be executed on the CPU, said method comprising the steps of: 

creating a representation of a primary interference graph having nodes representing virtual registers and pri- 
mary edges linking nodes with concurrent latency, the number of edges of a given node being the degree of 
the node; 

creating a representation of a second interference graph having nodes representing virtual registers and sec- 
ondary edges linking nodes with conditional conflicts; 

selecting nodes from the primary interference graph having degrees less than the number of CPU registers 
until all nodes have been selected; and 

allocating real registers to said selected nodes by first determining whether a register can be allocated for a 
selected node using the edges of both the primary and secondary interference graphs and, if so, allocating a 
real register on that basis; and, if not, allocating a real register using the edges of the primary graph alone. 
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2. The method of claim 1 wherein the step of allocating is performed on nodes in the reverse order from which the 
nodes were originally selected. 

3. The method of claim 1 wherein the secondary interference graph edges link a virtual register requiring use of a 
s paired register with another virtual register, 

4. A computer system comprising: 

a central processing unit (CPU) having a finite number of allocatable registers; and 
10 a compiler including a first procedure for creating a representation of a primary interference graph having 

nodes representing virtual registers and primary edges linking nodes with concurrent latency, the number of 
edges of a given node being the degree of the node, a second procedure for creating a representation of a sec- 
ondary interference graph having nodes representing virtual registers and secondary edges linking nodes with 
conditional conflicts; a third procedure for selecting nodes from the primary interference graph having a degree 
is less than the number of CPU registers until all nodes have been selected from the primary interference graph; 

and a fourth procedure for allocating real registers to the selected nodes by first determining whether a register 
can be allocated for a selected node using the edges of both the primary and secondary interference graphs 
and, if so, allocating a real register on that basis; and, if not, allocating a real register using the edges of the 
primary graph alone. 

20 

5. The computer system of claim 4 wherein said fourth procedure is performed on nodes in the reverse order from 
which the nodes were originally selected. 

6. The computer system of claim 4 wherein the secondary interference graph edges link a virtual register requiring 
25 use of a paired register with another virtual register. 

7. A computer program product comprising: 

a computer usable medium having computer readable code embodied therein for optimizing allocation of real 

30 registers in a computer system, the computer program product comprising: 

a first set of computer readable program code devices for creating a representation of a primary interference 
graph having nodes representing virtual registers and primary edges linking nodes with concurrent latency, the 
number of edges of a given node being the degree of the node, and for creating a representation of a second- 
ary interference graph having nodes representing virtual registers and secondary edges linking nodes with 

35 conditional conflicts; 

a second set of computer readable program code devices configured to cause a computer to select nodes from 
the primary interference graph having degrees less than the number of real registers in the computer system 
until all nodes have been selected; and 

a third set of computer readable program code devices configured to cause a computer to allocate real regis- 
40 ters to the selected nodes by first determining whether a real register can be allocated for a selected node 

using the edges of both the primary and secondary interference graphs and, if so, allocating a real register on 
that basis; and, if not, allocating a real register using the edges of the primary graph alone. 

8. The computer program product of claim 7 wherein said first set of computer readable program code devices is con- 
45 figured to cause a computer to create a representation of a secondary interference graph having secondary edges 

linking a virtual register requiring use of a paired register with another virtual register. 

9. The computer program product of claim 7 wherein said third set of computer readable program code devices is con- 
figured to cause a computer to perform the allocation of real registers in the reverse order from which the nodes 

so were originally selected. 
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